Here we describe the expression pattern of the smallminded (smid) gene during Drosophila development and investigate the phenotype of a null mutant. In situ hybridisation reveals the ubiquitous expression of smid transcript throughout early embryonic stages until the extended germ band stage, after which expression becomes localised to the neurogenic ectoderm and gonad. Post-embryonic expression is restricted to tissues engaged in the developmental programme of the adult fly: the re-enlarged neuroblasts; imaginal discs; histoblast nests; and precursors of adult muscles. The correlation of smid expression with mitotic activity suggests a cell cycle function which is confirmed by the observed phenotype of a smid null mutant characterised by an abnormally small CNS, due to defective mitosis of post-embryonic neuroblasts and their subsequent death by apoptosis.
Introduction
The normal growth and development of an organism depends upon the precise spatial and temporal regulation of the cell cycle. The progression of each cell cycle requires the inheritance of organelles essential for the survival of progeny (Warren and Wickner, 1996) . This involves a series of membrane fusion events as organelles enlarge and divide prior to partition between daughter cells (Warren, 1993) . Clearly the correct regulation of such membrane fusion reactions is crucial for the successful completion of the cell cycle. One family of proteins known to be involved in homotypic membrane fusion during the cell cycle is the Cdc48p/VCP subfamily of the AAA superfamily of ATPases (ATPases Associated with diverse cellular Activities) (Kunau et al., 1993; .
Evidence of a role for AAA-type ATPases in the cell cycle is seen in yeast mutants produced by disruption of the CDC48 locus which arrest late in their cell cycle, displaying a phenotype characterised by an elongated, undivided nucleus shared between daughter cells and a malformed spindle apparatus (Fröhlich et al., 1991) . Analysis of Cdc48p using a cell-free membrane fusion assay has shown that it is required for the homotypic fusion of endoplasmic reticulum (ER) membranes (Latterich et al., 1995) . Although, in yeast, the nuclear envelope remains intact during mitosis, homotypic membrane fusion is necessary for nuclear fission. The observed phenotype is consistent with a failure of the homotypic membrane fusion events required to produce daughter nuclei.
In higher eukaryotes, membrane fusion events are more prevalent during mitosis because as the mitotic apparatus is activated, the nuclear envelope and secretory organelles are fragmented and redistributed throughout the cytosol, ensuring an even inheritance of these structures by daughter cells (Birky, 1983) . Homotypic membrane fusion is, therefore, required to rebuild these organelles during telophase (Lucocq et al., 1989) and AAA proteins are again involved: cell free assays of the reassembly of mitotic Golgi cisternae have demonstrated a requirement for the vertebrate homologue of Cdc48p, p97, in this process (Rabouille et al., 1995) , illustrating the functional conservation of Cdc48p during evolution.
These NEM-sensitive, Mg 2 + -dependent cytosolic ATPases show a close structural relationship to molecular chaper-ones that function in the disassembly of protein complexes, for example Hsp104 (Parsell et al., 1994) . Like these they form hollow cylindrical homo-oligomeric structures essential for their enzymatic activity (Peters et al., 1992) . Another AAA protein, the well-characterised NEM-sensitive fusion protein (NSF), also adopts such a structure and evidence indicates that it acts as a disassembling chaperone regulating the conformation of SNARE (soluble NSF attachment protein receptor) complexes (Hanson et al., 1997) . These structural relationships suggest a similar mode of action for Cdc48p/VCP subfamily members acting as chaperones to regulate the conformation of membrane bound receptor(s) present upon homotypic membrane fusion partners and indeed the first experimental evidence of a role for t-SNARE molecules in this process has recently been reported Rabouille et al., 1998) .
We have previously described the cloning of smallminded (smid), encoding a Drosophila orthologue of yeast Cdc48p (Long et al., 1998 ) from p-insertion line C161. This line was isolated during a Gal4 enhancer-trap screen to identify lines with reporter gene expression in sensory neurones and shows lacZ expression in some sensory neurones ; imaginal tissues and postembryonic neuroblasts (NBs) (Long et al., 1998) . Flies homozygous for this p-insertion showed a larval lethality with a central nervous system (CNS) and imaginal discs significantly reduced in size. This was the first description of the phenotype of a higher eukaryote to be caused by the disruption of a gene encoding a member of the Cdc48p/VCP subfamily of AAA proteins.
Here we report a further investigation of the mutant phenotype and a detailed analysis of smid expression throughout embryonic and larval development. A comparison of bromodeoxyuridine incorporation into the wild-type and smid mutant CNS demonstrates that in the mutant, few NBs begin their post-embryonic programme of development and that the morphology of these cells and their progeny is abnormal. In situ hybridisation to embryos and larval tissues reveals a dynamic expression of smid correlating with the known patterns of cell division during these stages of development. These data implicate smid as an essential component of the cell cycle mechanism in Drosophila.
Results

Expression of the smid gene
The distribution of smid transcripts was investigated by in situ hybridisation of smid cRNA probes to embryonic and larval tissues from all developmental stages.
Embryonic. Hybridisation to embryos (Fig. 1 ) reveals a dynamic expression of smid. During the earliest stages of embryogenesis (stages 1 to 10) smid is expressed ubiquitously at high levels (Fig. 1A,B ) but is absent from the amnioserosa during germ band extension (not shown). After stage 10 smid expression becomes restricted to two specific tissues. Most obvious is the neurogenic ectoderm where by stage 12, expression of smid is localised to the NBs which have enlarged and are actively dividing (Fig.  1C) . Detailed analysis shows that all NBs express smid at this stage. Expression can be detected in NBs up to stage 16 but throughout this period there is a gradual decline in the number of NBs expressing smid (Fig. 1D-F) . At stage 13 high expression can be seen in NBs of the thoracic and abdominal neuromeres (arrowheads, Fig. 1D ). By stage 16 expression can no longer be detected in the thoracic and abdominal NBs (vnc, Fig. 1E ) but the cephalic NBs continue to express smid (Fig. 1E,F) . Expression in cephalic neuromeres remains evident throughout embryogenesis although the number of expressing NBs decreases to almost none just prior to hatching. The other cells expressing high levels of smid at this stage are in the gonads (g, Fig. 1E ), which show expression through to hatching and into larval life.
It is important to note that expression of smid in the nonneurogenic ectoderm decreases markedly post stage 12, coincident with the final divisions of the epidermal cells (Foe et al., 1993) . Small islands of smid expression can be seen in the epidermis post stage 12 which is in the clearly recognisable pattern of the sensory precursor cells (arrowheads, Fig. 1C) .
Post-embryonic. In larvae, smid expression is again detected in NBs as they begin their post-embryonic programme of cell division. As early as 24 h after hatching, smid expression can be detected in the outer proliferation centre (OPC) and in a small number of NBs in the cephalic neuromeres (arrows, Fig. 2A ,B) although none is seen in the thoracic neuromeres (not shown). By 96 h after hatching, smid is expressed at high levels throughout the cephalic and thoracic neuromeres (Fig. 2C ) and in small segmentally repeated sets in the abdominal neuromeres which are not visible in Fig. 2C . Close examination shows that the high smid expression is restricted to the NBs (arrows, Fig. 2D ). This pattern of expression mirrors exactly the known pattern of NB activity in larvae (Truman and Bate, 1988; Ito and Hotta, 1992) .
In addition to NBs, smid is also highly expressed in a number of larval tissues. The imaginal discs show a high level of expression in all cells (Fig. 3A) at all larval stages. During later larval stages, wandering third instar larvae and early pupae, expression in most cells of the discs decreases but a high level of expression can be seen in a distinct population of cells located within the disc (arrows, Fig.  3B ). These cells are the adepithelial cells which are the precursor of adult mesoderm (Broadie and Bate, 1991) . High level smid expression can also be detected in the segmentally repeated histoblast nests (arrows, Fig. 3C ) which are the precursors of the adult ectodermal derivatives in the abdomen (Simcox et al., 1991) .
During late stages of larval development, high smid expression is also detected in small clusters of cells asso-ciated with muscles and sensory neurones. The location and appearance of these cells coincides with the so-called twistexpressing cells known to be progenitors of the adult mesoderm (arrows, Fig. 3D ). These are all populations of cells engaged in developmental programmes of cell division.
Expression in a smid mutant
As reported previously, the smid mutation is the result of a single revertible pGawB insertion mapped to polytene chromosome band 66A (Long et al., 1998) . The inability of this allele to complement the deficiency Df(3L)pblX1, lacking the chromosomal region 65F3 to 669B, indicates that this is a null allele. In situ hybridisation of a smid riboprobe to embryos homozygous for smid reveals a significant difference from the wild-type expression (Fig. 1G,H ). In the early stages (1-8) of embryonic development, there is no difference between smid and wild-type embryos, both of which show ubiquitous expression ( Fig. 1G ), but post stage 8, homozygous smid embryos show a sharp and uniform decline in detectable transcript (Fig. 1H) . The presence of a ubiquitously distributed smid transcript in early embryos, prior to zygotic expression, indicates that a maternally derived message is required for embryogenesis. The absence of smid transcripts in mutant embryos after stage 8 suggests that smid protein is sufficient in both quantity and stability to enable the observed, apparently normal, embryonic development.
No transcript could be detected in smid mutant larval brains, imaginal discs or body parts at any later stage of development, confirming that smid is a null mutant. 
Analysis of neurogenesis
The apparent loss of larval NBs reported by Long et al. (1998) in smid homozygotes suggests that the reduced CNS volume in smid larvae could be caused by the larval NBs failing to undergo their normal post-embryonic divisions to produce neurones required for the adult CNS. To test this we examined the mitotic activity of larval NBs using the incorporation of bromodeoxyuridine (BrdU). Identically aged smid and wild-type larvae were raised for 20 h on food containing BrdU and the incorporation of BrdU into the CNS examined. This revealed significant differences in the pattern of incorporation seen in the CNS of smid and wild-type larvae at several stages of larval development (Fig. 4) . All wild-type preparations examined (n = 61) revealed a pattern of BrdU incorporation comparable to that seen in other studies of wild-type incorporation (Fig.  4B,D,F,H) , NBs can be clearly identified associated with a cluster of cells with BrdU-stained nuclei. In smid homozygotes the majority of preparations showed no detectable signs of BrdU incorporation in the CNS (78 out of 124), although incorporation of BrdU into salivary gland nuclei was seen in most of these preparations (115 out of 124). In those that did show BrdU incorporation, this was different from identically aged and treated wild-type larvae Fig.  4A ,C,E,G). In all cases (n = 46) the number of NBs incorporating BrdU was significantly less than wild-type, and the number of labelled cells associated with each NB was also reduced. For example, in wild-type larvae treated with BrdU from 72 to 92 h after hatching, BrdU labelling revealed an average of 62 (n = 22) labelled NBs in the cephalic neuromeres each having produced an average of 15.3 labelled cells, identically treated mutant CNSs showed an average of 18 (n = 34) NBs in the cephalic neuromeres, each having produced an average of 4.9 cells in the same period. The labelled progeny of the mutant NBs also appear abnormal in morphology and do not show the typically round nuclei seen in wild-types (compare Fig. 4E,F) . In these individuals the labelled material appears fragmented and of uneven size and shape (arrows, Fig. 4E ). Another frequently observed phenotype is seen in Fig. 3G . In this preparation enlarged NBs (arrows) can be identified, but there are no signs of mitotic activity as indicated by either BrdU incorporation or the presence of neuronal progeny. Given that this is a 116 h old larva, there should be many neurones, as seen in an identically aged wild-type brain (Fig. 4H) . In these preparations the NBs enlarged apparently normally but failed to commence mitosis. The results are indicative of a general failure of neurogenesis resulting from the smid mutation.
Cell death
Observations of neurogenesis using BrdU suggest that there may be significant cell death in the CNS of smid homozygotes during their post-embryonic development. To test this we examined the CNS for cell death using TUNEL labelling (Gavrieli et al., 1992) to locate the extensive DNA fragmentation associated with cell death by apoptosis, and in situ hybridisation using markers of programmed cell death identified previously in Drosophila (McCall and Steller, 1997) .
TUNEL
In wild-type larvae, TUNEL staining reveals an ordered, segmentally repeated group of cells in the thoracic and abdominal neuromeres (Fig. 5A ) and an evenly spaced layer of cells on the cephalic neuromeres (Fig. 5B) . All of these cells lie superficially and are unlikely to be neurones In the mutant (A), BrdU incorporation is restricted to a single small cluster of six cells associated with a single NB (arrows) whereas in the wild-type (B) the labelling reveals many more NBs (>50) and associated with each is a large cluster of labelled cells. (C, D) 68 h after hatching. In the mutant (C), BrdU reveals several clusters of labelled cells (>20) but this is fewer than an identically aged wild-type (D) which shows many more clusters of cells each containing more labelled progeny. (E, F) 92 h after hatching. In the mutant (E), BrdU incorporation can be seen but the clusters of cells are often weak, fragmented and the labelled nuclei of widely varying shape and size (arrows). This contrasts markedly with the wild-type (F) which shows strong labelling in a large number of clusters each containing many evenly sized nuclei. (G, H) 106 h after hatching. In this example of the mutant (G), enlarged NBs are clearly visible (arrows) but no incorporation into NBs can be seen. Furthermore, there is no evidence of any newly generated neurones. In the wild-type, widespread incorporation can be seen and many newly generated neurones can be seen. Scale = 40 mm.
or NBs (Fig. 5A) . It is most likely that these are glial cells of the ganglionic sheath. This is surprising because as far as is known, the sheath cells are not dead. In addition to labelling these superficial cells, the staining also reveals a small number of cells within the cortical layer of cell bodies (Fig. 5C ). At most larval stages TUNEL reveals a small number of positively stained bodies that are likely to be dead cells. In some cases these exhibit fragmented nuclei, as observed in the latter stages of apoptosis. These cells are infrequent, and rarely more than one or two are seen in the entire CNS (mean = 1.4, n = 10). In smid mutant brains, TUNEL reveals a different pattern of staining. First, the staining of the superficial cells is completely absent at all larval stages examined. Second, there is a much greater prevalence of positively stained bodies within the cell body layer of the ganglion (Fig. 5D) . In young larvae (Ͻ48 h) there are on average 20.2 (n = 10) positively stained cells per ganglion. In later preparations (Ͼ65 h) the number of stained cells observed is greatly increased.
Expression of cell death activators
Since the TUNEL assay indicates elevated levels of cell death in the CNS of smid homozygotes, we investigated the mechanism by which this might occur. The reaper (rpr) gene is a known activator of the cell death mechanism of Drosophila and is specifically expressed in cells that are doomed to die (White et al., 1994) . Expression of this In 120 h larvae, elevated levels of rpr expression can be seen in some cells scattered throughout the CNS (arrows). These cells are most likely neurones and not NBs. (C) In mutant larvae, elevated levels of rpr expression can be detected in NBs as early as 36 h after hatching (arrows). (D) At later stages (57 h), high levels of expression can still be seen in NBs (arrows). (E, F) By 120 h, very high levels of rpr can be detected throughout the CNS, and can be localised to NB (arrows) and the outer proliferation centre (opc). Scale: A, C, D = 50 mm; B = 15 mm; E, F = 80 mm.
gene is, therefore, a reliable indicator of apoptosis and its expression in the larval CNS shows significant differences between smid mutant and wild-type animals. In wild-type larvae (Ͻ5 days after hatching) no cells, including NBs (arrows, Fig. 6A ) appear to express rpr at a level greater than background staining. In late third instar larvae it is possible to detect high levels of rpr expression in a small number (Ͻ30) of cells scattered throughout the entire CNS (arrows, Fig. 6B ). The size and distribution of these cells suggest that they are neurones and not NBs. In contrast, the smid CNS contains elevated levels of rpr expression which can be detected specifically in NBs as early as 36 h after hatching (Fig. 6C) . This elevated expression can be seen in NBs at all stages of larval development (Fig. 6D) . At later stages of smid larval development (5 days), rpr is expressed at much higher levels and positively stained cells can be seen throughout the CNS (arrows, Fig. 6E,F) , most noticeably in the outer proliferation centre (OPC) Fig. 6F ). The expression of the cell death gene head involution defective (hid) was also examined and showed similar patterns to those of rpr, although as reported in its initial characterisation in the Drosophila embryo (Grether et al., 1995) , hid was also expressed in cells not destined to die in the course of normal development.
Discussion
In this paper we have presented a characterisation of the Drosophila smid gene, encoding a member of the AAA superfamily of proteins. In situ hybridisation shows smid expression to be linked with mitotic activity. In early embryos (stages 1-8), when all cells are dividing, smid is expressed ubiquitously at high levels, but by stage 12 expression becomes restricted to NBs and gonad. In the case of NBs, the onset of expression is coincident with their segregation from the ectoderm and commencement of proliferation (Doe, 1992) . High levels of expression can be detected in NBs up to stage 18, but after stage 12 smid expression gradually becomes restricted to fewer NBs. In the thoracic and abdominal neuromeres, expression can be seen in NBs up to stage 14. In the cephalic neuromeres, however, expressing NBs can be detected as late as stage 18. This spatial and temporal pattern of smid expression is closely correlated with the mitotic activity of NBs in embryos (Prokop and Technau, 1991) . It is also significant that the expression of smid in the non-neurogenic ectoderm cells declines rapidly after stage 12. This is the stage at which most of these cells cease dividing and differentiate into epidermal cells. The only ectodermal cells outside of the ventral neurogenic region to divide after this stage are the sensory precursor cells which still express smid. Thus the expression of smid is not only correlated with cell division, but its down-regulation is likewise associated with the end of mitotic activity.
The correlation between smid expression and NB proliferation is further strengthened by its expression during post-embryonic development. In the larval CNS, the embryonic NBs re-enlarge to resume their mitotic activity and produce the neurones required to build the adult brain (Truman and Bate, 1988; Prokop and Technau, 1991; Ito and Hotta, 1992) . Concomitant with the reactivation of the larval NBs, high levels of smid expression are again detected in NBs. Similar correlation between smid expression and dividing cells is seen in other tissues such as the imaginal discs and histoblast nests: populations of cells which are undergoing mitosis during larval development. No expression occurs in the endoreduplicating tissues. Although in situ hybridisation shows smid to be expressed in dividing cells, this does not mean that it is required for mitosis. The requirement for smid in mitosis is, however, indicated by the phenotypic analysis of smid, a null mutant. The most notable defect in this mutant, so far recorded, is that the CNS fails to undergo the normal postembryonic expansion. This expansion is caused by the addition of new neurones produced by the reactivated NBs. These neurones are required for the assembly of the adult brain. The most obvious explanation of the small CNS resulting from the smid mutation is, therefore, that the NBs fail to divide normally and do not generate the adult specific neurones. This conclusion is supported by observations reported here. Examination of NB proliferation using BrdU incorporation demonstrates that the NBs of smid homozygotes are deficient in the rate of division and survival of their progeny when compared to wild-type. Clearly, smid is essential for normal cell division in neuroblasts, and observed defects in imaginal tissue development in mutant larvae (Long et al., unpublished data) indicate a general role in the cell cycle.
How does this hypothesis fit with the known roles of other AAA proteins? Phylogenetic analysis of the predicted primary structure of the smid gene product (Long et al., 1998) indicates that it is a member of a subfamily of AAA proteins, some of which have a demonstrable role in the cell cycle. Disruption of the yeast CDC48 locus produces a phenotype characterised by a late arrest of mitosis (Fröhlich et al., 1991) . Cdc48p is essential for homotypic membrane fusion of the ER (Latterich et al., 1995) , suggesting that the observed phenotype is a result of the malfunction of the homotypic membrane fusion machinery essential for the progression of the cell cycle. This idea is reinforced by the observation that the vertebrate homologue of Cdc48p, VCP (or p97), functions in homotypic membrane fusion required for the post-mitotic reassembly of Golgi cisternae (Rabouille et al., 1995) . cdc48 mutants also display a failure to duplicate the spindle pole body, thus implicating Cdc48p in the formation of the spindle apparatus. The differential localisation of Cdc48p and VCP during the respective yeast and mammalian cell cycles is also indicative of such a role (Madeo et al., 1998) . The subcellular localisation of both is regulated in a cell cycle-dependent fashion: both are present on the cytosolic surface of the ER at all times; however, Cdc48p also enters the nucleus at the end of G1, when duplication of the spindle pole body occurs, whereas VCP is mobilised to the centrosome throughout mitosis. The correlation of subcellular localisation with spindle/centrosome location, i.e. cytosolic for the centrosome and nuclear membrane-associated for the spindle pole body, indicates conservation of this function but a divergence of target localisation during evolution.
Thus it appears that each of these proteins may perform multiple roles during the cell cycle, encompassing organelle enlargement prior to mitosis; spindle body/centrosome duplication; nuclear membrane fusion in yeast; or postmitotic organelle reassembly in higher eukaryotes. This is consistent with the range of terminal phenotypes observed for NBs and their progeny in a smid null mutant. This variability in phenotype is similar to that reported for other cell cycle mutants (Gatti and Goldberg, 1991; Török et al., 1997) and can be attributed to rescue by a long-lived maternallyderived gene product which ensures the normal embryonic development observed for smid homozygotes. As the larvae develop, however, the maternal product is degraded and/or diluted upon cell division such that cells begin to lose smid function and the mutant phenotype develops. The fate of mutant neuroblasts is presumably governed by the stage in development at which their inherited supply of gene product is insufficient for continuation of the cell cycle. So, for example, the CNS of some mutant individuals show NBs which have undergone a post-embryonic enlargement but fail to enter mitosis, perhaps due to a failure of smid function in centrosome duplication, whereas others contain mitotic NBs producing progeny with abnormal morphologies, possibly resulting from their inability to complete the post-mitotic rebuilding of essential organelles.
The fate of most mutant NBs is clear from work described in this paper. A combination of TUNEL labelling and in situ hybridisation, probing for transcript of the cell death genes rpr and hid, demonstrate abnormal levels of cell death by apoptosis in the smid CNS. The incidence of cell death during larval development has not been reported. We find a very low frequency of cell death during the early stages of normal larval development, increasing at later stages where a small but significant number of neurones begin to die. The pattern of cell death observed in the smid CNS is very different. Here the ectopic expression of cell death activators is seen in NBs, at very early stages of development in some individuals, and more generally throughout the CNS at late stages when the animals themselves are probably close to death. The observation that the CNS of some smid individuals still contain a number of enlarged, non-mitotic NBs 5 days into larval development suggests that only mutant NBs arrested during mitosis become committed to apoptosis, and that the reduction in S-phases observed in mutant NBs results directly from cell cycle arrest rather than from ectopic cell death. The induction of rpr expression in response to a smid mutation is not surprising since this effect has been observed in response to ectopic cell death caused by ionising radiation or abnormal development (Nordstrom et al., 1996) ; however, it is interesting to note that the first report of an apoptotic phenotype in yeast involves a cdc48 mutant (Madeo et al., 1997) , suggesting that there may perhaps be a direct link between a failure of smid function and activation of cell death. Why the normal sheath cells should exhibit TUNEL labelling is unknown; however, the absence of labelling in the mutant indicates that either these cells are missing, or are present but abnormal in their development such that they no longer label.
The work presented here shows that smid gene expression is developmentally regulated and is essential for cell division in Drosophila, indicating that the role of AAA proteins in the cell cycle is conserved from yeast and higher plants (Feiler et al., 1995) into metazoans.
Materials and methods
Isolation of smid mutations
The original P{GAL4}smid 1 allele was isolated from a screen of GAL4 lines and the details published elsewhere Long et al., 1998) . All mutant stocks were maintained as balanced stocks over either TM3 or TM6b balancer chromosomes. Wild-type data are based on a single outcross of smid alleles to Oregon-R wild-type stock. All timings are given as hours after hatching when raised at 25°C.
In situ hybridisation
Digoxygenin-labelled sense and antisense transcripts of the 2.8 kb smid, reaper and hid cDNAs were produced using a DIG RNA labelling kit (Boehringer Mannheim) and hydrolysed to 200-300 bp fragments.
In situ hybridisation to embryos was performed as described by Tautz and Pfeifle (1989) . Probes were hybridised to tissues overnight at 55°C and detection performed with sheep anti-digoxigenin Fab fragments, conjugated to alkaline phosphatase (Boehringer Mannheim).
Whole-mount in situ hybridisation to the larval CNS was performed using a modification of this method (J.A. Davies, personal communication). Tissues were fixed for 1 h with 4% paraformaldehyde in 50 mM PIPES, 1 mM EGTA, 2 mM MgSO 4 , pH 6.8, containing 0.1% sodium deoxycholate. Prior to hybridisation they were washed with 1:1 PBT/ hybridisation buffer (containing 100 mg/ml tRNA) for 10 min and then pre-hybridised for 1 h at 55°C. Hybridisation was performed overnight with a probe concentration of 0.25 mg/ml. Tissues were then washed in hybridisation buffer at 55°C (2 × 20 min), 1:1 PBT/hybridisation buffer at 55°C (1 × 20 min), PBT at 55°C (1 × 10 min), followed by PBT at the ambient temperature (4 × 20 min). Prior to detection, tissues were blocked with PBT containing 0.2 mg/ml BSA and then incubated overnight in the detecting antibody (described above). Washing and development was performed as for embryos. To allow for qualitative judgements of the levels of expression detected in different tissues and stages, all detection reactions were performed on pooled tissue samples and for identical time.
TUNEL
TUNEL labelling of the Drosophila CNS was performed essentially as described by Gavrieli et al. (1992) with some modifications (S. Robinow, personal communication). Flies were dissected in saline and tissues fixed in 4% paraformaldehyde overnight. These were then rinsed three times for 5 min in PBS/TX (0.3% Triton X-100) before washing for 5-10 min in terminal deoxynucleotidyl transferase (TdT) buffer containing 0.1% Triton X-100. Tissues were then incubated in 50 ml of TdT reaction mix (TdT buffer containing 0.1% Triton X-100, 1 mM biotinylated dCTP (biotin-14-dCTP) and 0.6 units/ml TdT) and incubated at 37°C for 3-5 h. All TUNEL reagents were purchased from Gibco BRL. Tissues were then washed six times for 10 min in PBS-TX prior to immunoperoxidase staining using the AB reagent from Vectastain.
Bromodeoxyuridine incorporation
Synchronously hatched larvae were reared at 25°C and at defined stages transferred to a standard diet containing 1% (v/v) of a 33 mM BrdU solution for 24 h (Truman and Bate, 1988) . Immunochemical processing of the tissues was done exactly as detailed by Truman and Bate (1988) .
X-gal staining of tissues
Detailed procedures have been published elsewhere .
Photography
All tissue specimens (embryos and brains) were dehydrated in glycerol and mounted in gelatin as whole mounts. Preparations were photographed on Kodak Ektachrome 160T film using a Zeiss Axioskop microscope. Images were digitised using a Nikon Coolscan II and photomontages assembled using Adobe Photoshop on Macintosh computers. Images were adjusted for contrast and brightness only.
